The inner structural Gag proteins and the envelope (Env) glycoproteins of human immunodeficiency virus (HIV-1) traffic independently to the plasma membrane, where they assemble the nascent virion. HIV-1 carries a relatively low number of glycoproteins in its membrane, and the mechanism of Env recruitment and virus incorporation is incompletely understood. We employed dual-color super-resolution microscopy visualizing Gag assembly sites and HIV-1 Env proteins in virusproducing and in Env expressing cells. Distinctive HIV-1 Gag assembly sites were readily detected and were associated with Env clusters that always extended beyond the actual Gag assembly site and often showed enrichment at the periphery and surrounding the assembly site. Formation of these Env clusters depended on the presence of other HIV-1 proteins and on the long cytoplasmic tail (CT) of Env. CT deletion, a matrix mutation affecting Env incorporation or Env expression in the absence of other HIV-1 proteins led to much smaller Env clusters, which were not enriched at viral assembly sites. These results show that Env is recruited to HIV-1 assembly sites in a CT-dependent manner, while Env(DCT) appears to be randomly incorporated. The observed Env accumulation surrounding Gag assemblies, with a lower density on the actual bud, could facilitate viral spread in vivo. Keeping Env molecules on the nascent virus low may be important for escape from the humoral immune response, while cell-cell contacts mediated by surrounding Env molecules could promote HIV-1 transmission through the virological synapse.
Introduction
Human immunodeficiency virus type 1 (HIV-1) acquires its lipid envelope by budding through the plasma membrane of an infected cell. Virus morphogenesis is directed by the viral Gag polyprotein, which is sufficient for release of virus-like particles, and also facilitates the incorporation of the viral genome and other important factors including the viral envelope (Env) glycoproteins (reviewed in [1] ). Env plays an essential role in virus replication by mediating the fusion between viral and cellular membranes during virus entry. The Env proteins are synthesized as a polyprotein precursor (gp160) that is cleaved to the mature surface glycoprotein gp120 and the transmembrane glycoprotein gp41 by cellular proteases. During virus assembly at the plasma membrane, the gp120/gp41 complex is incorporated into the lipid bilayer of nascent particles as a trimer of heterodimers. Within the virion, these trimeric complexes project from the membrane surface as highly glycosylated spikes (reviewed in [2] ). HIV-1 exhibits a relatively low density of glycoprotein spikes on its surface compared to other enveloped viruses with only 7-14 Env complexes per virion [3, 4] . Virus entry is initiated by gp120 binding to the viral receptor CD4 and a chemokine receptor, and completed by insertion of a fusion peptide into the host membrane and conformational changes in gp41 mediating membrane fusion (reviewed in [2] ).
HIV-1 Env is transported to the cell surface via the secretory pathway and inserts into the lipid membrane through the gp41 transmembrane domain. However, the mechanism by which the Env glycoprotein complex is incorporated into virus particles remains incompletely understood. Genetic and biochemical evidence points to an important role of the N-terminal, membrane-apposed matrix (MA) domain of the viral Gag polyprotein and the unusually long (151 amino acids) C-terminal tail of gp41 (CT), projecting into the interior of the virion, for Env incorporation [5] [6] [7] [8] [9] [10] . HIV-1 derivatives lacking their cognate Env proteins can incorporate heterologous viral glycoproteins, thereby adopting their distinctive entry properties, however ('pseudotyping'; reviewed in [11] ). Furthermore, deletion of the Env CT has only minor effects on virion incorporation of Env and viral infectivity in certain permissive cell lines, while strongly reducing Env incorporation and abolishing infectivity in non-permissive cells [12] [13] [14] [15] . Although these results are consistent with an important role of the CT, they show that an HIV-1 specific signal is dispensible for glycoprotein incorporation.
Four mutually non-exclusive models have been proposed to explain Env incorporation into retroviral particles: (i) random incorporation of plasma membrane proteins including Env, (ii) specific incorporation of Env into the virus by direct proteinprotein interactions, (iii) co-targeting of Gag and Env to the same region of the plasma membrane and (iv) indirect incorporation via a bridging factor (reviewed in [2] ). There is experimental evidence supporting, or at least consistent with each of these models. Efficient pseudotyping by heterologous glycoproteins and the large number of cellular membrane proteins incorporated into HIV-1 (reviewed in [16, 17] ) indicate that there is no exclusion of nonspecific proteins. Incorporation may thus be influenced by surface density of the respective protein. A direct interaction between MA and Env CT in vitro has been reported [10] and there is strong genetic evidence supporting this interaction [5] [6] [7] [8] 18] . HIV-1 assembly is believed to occur at specific, raft-like membrane lipid microdomains, and both Gag and Env have been reported to be associated with detergent-resistant membranes (reviewed in [19] ). Furthermore, co-expression of HIV-1 Gag with both HIV-1 Env and Ebola virus glycoproteins in the same cells showed efficient incorporation of both glycoproteins, but segregation into separate particle populations suggesting their spatial separation in virus producing cells [20] . Finally, a number of cellular proteins have been found to interact with HIV-1 Env proteins and may act as bridging factors for Env incorporation [2] .
Fluorescence microscopy of HIV-1 producing cells shows patchy signals of both Gag and Env at the plasma membrane, while the majority of Env appears to reside in intracellular membrane compartments [21] . Confocal microscopy provided evidence for some colocalisation of Gag and Env at the plasma membrane [21] , but reported correlation coefficients are low [20] and the resolution of light microscopy is not sufficient to discern adjacent individual budding sites. Immunostaining of surface glycoproteins and visualization with scanning electron microscopy provided convincing evidence for a specific recruitment of Rous sarcoma virus (RSV) Env proteins to RSV but not to HIV-1 budding sites [22] ; this study did not include HIV-1 glycoproteins, however.
Studying the distribution of viral proteins at small spatial scales requires an optical resolution which is beyond the limit of light microscopy (,200 nm). New super-resolution fluorescence microscopy techniques [23] [24] [25] have bypassed this resolution limit, providing spatial resolution reaching a near-molecular level. These include single-molecule localization techniques such as photoactivated localization microscopy (PALM) [23] and direct stochastic optical reconstruction microscopy (dSTORM) [26] . PALM and STORM microscopy have been employed to investigate the distribution of viral proteins upon HIV-1 cell entry [27, 28] and to detect Gag assemblies at the plasma membrane [29] [30] [31] . Lehmann et al. [30] used multicolor super-resolution microscopy to investigate co-localization of the cellular restriction factor tetherin with HIV-1 budding sites. These authors also reported scattered Env distribution at Gag assembly sites, but did not further characterize Env localization [30] . Here, we performed dual-color super-resolution microscopy to analyze HIV-1 Gag and Env distribution patterns in HIV-1 producing cells. We show a CT dependent recruitment of Env to the viral budding site, with Env molecules concentrating around the Gag assemblies and in their periphery.
Results
For detection of HIV-1 Gag in the viral context, we made use of a construct carrying the photoconvertible protein mEosFP inserted between the MA and capsid (CA) domains of Gag [32] . Proviral constructs carrying a gene encoding an autofluorescent protein at this position yield fluorescently labeled HIV-1 particles with wildtype morphology and infectivity upon co-transfection with equal amounts of their unlabeled counterpart [32] . Since fully assembled HIV-1 buds comprise ,2,400 molecules of Gag [33] , 1,200 molecules of mEosFP are expected to accumulate on average at viral budding sites. In this study we employed constructs based on pCHIV [34] that encodes all HIV-1 NL4-3 proteins except Nef, but is replication deficient due to deletion of the viral long terminal repeats. The ratio of Env to Gag in transfected cells is thus comparable to that found in HIV-1 infected cells. Env molecules at the cell surface were detected by indirect immunolabeling using a human monoclonal antibody against gp120 (MAb 2G12; [35] ). Primary antibody binding was revealed by a secondary antibody coupled to Alexa Fluor 647 followed by dSTORM imaging. Due to the higher photon yield of organic fluorophores, dSTORM imaging yields improved single-molecule localization and thus higher spatial resolution than PALM. The combination of PALM for detection of the abundant Gag molecules with a known lattice structure [1] and dSTORM for detection of the much rarer Env molecules [3] thus appeared ideally suited for the purpose of this study.
Total internal fluorescence (TIRF) microscopy and TIRF-PALM imaging of Gag.mEosFP at the plasma membrane of transfected HeLa cells was performed for detection of HIV-1 assembly sites. At the conditions used, Gag.mEosFP was detected with a localization accuracy of ,28 nm in PALM mode ( Figure  S1 ). TIRF microscopy revealed punctuate structures of Gag.-mEosFP at the plasma membrane as described previously for Gag.eGFP [36] (Figure 1A ). These punctae could be clearly resolved into individual assembly sites by super-resolution imaging (PALM; Figure 1B-D) . Compact round assemblies with a diameter of ,130 nm ( Figure 1D ), closely resembling assembly
Author Summary
Newly formed HIV-1 particles assemble at the plasma membrane of virus producing cells. The inner structural protein Gag and the envelope glycoprotein Env, which are both essential components of infectious virus particles, traffic to the membrane via different pathways. Attached to the inner side of the membrane, Gag assembles into spherical particles that incorporate Env proteins in their surrounding lipid envelope. The mechanism of Env incorporation is incompletely understood, however. Here, we have exploited recently developed super-resolution fluorescence microscopy techniques that yield a nearmolecular spatial resolution to analyze HIV-1 Gag and Env distribution patterns at the surface of virus producing cells. We observed recruitment of Env to the surroundings of Gag assembly sites, dependent on the presence of its cytoplasmic domain. A large proportion of Env was found in the vicinity of the Gag assembly sites rather than directly co-localizing with it. These results support an indirect mechanism of Env recruitment, presumably mediated through virus induced changes in the environment of the nascent Gag assembly. Furthermore, they suggest a role for the Env protein in HIV-1 transmission that goes beyond its well-characterized function as an entry protein on the viral surface. sites detected by dSTORM or PALM in previous studies [29, 30] were considered to represent HIV-1 budding structures. The PALM resolution achieved here was not sufficient to detect the semi-spherical architecture of individual Gag shells, which we have recently shown at higher resolution (,18 nm) by dSTORM imaging of Gag.SNAP assembly sites labelled with a bright synthetic fluorophore [31] .
HeLa cells transfected as above were fixed and subjected to immunostaining for HIV-1 Env, followed by TIRF-and TIRFdSTORM microscopy. Alexa Fluor 647, coupled to the protein of interest through the primary and secondary antibody, was detected with a localization accuracy of ,15 nm in dSTORM mode ( Figure S2 ). TIRF microscopy showed a multi-clustered Env distribution (Figure 2A ), similar to previously reported results [21] . Env clusters of various sizes were observed by dSTORM imaging ( Figure 2B ). These clusters appeared larger and less compact than the Gag.mEosFP assemblies detected in the same cells (compare Figure 1) . Dual-color super-resolution microscopy was performed on HeLa cells expressing HIV mEosFP to determine the relative localization of Env with respect to viral Gag assemblies. As shown in the representative images in Figures 2C and 2D , Env clusters surrounding Gag assembly sites were often round and sometimes displayed a doughnut-like shape. A similar pattern was observed when another antibody against gp120 (MAb b12, [37] ) was used ( Figure S3 ), or when a harsher fixation protocol reported to block membrane protein motility [38] was applied ( Figure S4 ). Env clusters of similar morphology were also observed in regions lacking a detectable Gag.mEosFP signal ( Figure 2C ), and only ,50% of Env clusters were associated with obvious HIV-1 budding sites. Env clusters not associated with characteristic Gag assemblies may correspond to early budding sites with a low number of Gag molecules. Furthermore, co-transfection with a wt plasmid encoding unlabeled Gag was performed in our experiments, and some assembly sites may thus contain a low number of Gag.mEosFP molecules. To address this issue, HeLa cells were transfected with pCHIV mEosFP alone and subsequently processed and analyzed as above. Similar Gag assembly sites surrounded by larger Env clusters were observed, but ,90% of Env clusters were found to be associated with Gag assemblies in this case ( Figure S3 ).
Parallel control experiments showed that omitting the primary antibody from the staining solution or analysis of cells expressing a virus derivative lacking the viral Env protein yielded only few dense Alexa Fluor 647 signals, while the Env clusters were completely lost ( Figure S5 ). The remaining non-specific signals presumably represent aggregates of secondary antibody. Env clusters overlapping HIV-1 budding sites showed a scattered distribution and always extended beyond the area, in which Gag.mEosFP molecules were detected ( Figure 2C, D) . Furthermore, the density of Env localization events was not enriched at the position of the Gag.mEosFP assembly compared to the directly adjacent membrane area, but often appeared lower over the actual Gag assembly site (Figure 2C, D; see below) . A comparative quantitative analysis of the Env signal on budding sites and released immature virions was performed to determine whether the comparatively low proportion of Env signals directly colocalizing with Gag constitutes the full complement of Env on the virion or whether peripheral Env clusters also contribute to the Env signal on the virus. Immature virions were used for this comparison, since the Gag lattice at the budding site is also immature and the Env distribution pattern on the viral surface is altered by proteolytic maturation of the inner virion structure [39] . Purified immature viral particles were fixed, stained with 2G12 as described for virus producing HeLa cells, and analyzed by dSTORM. Env signals distributed in multiple clusters were detected on the viral surface ( Figure 2E ) in agreement with recent results obtained by stimulated emission depletion microscopy [39] . Quantitative assessment revealed a similar intensity of the total Env signal on extracellular immature virions compared to the Env signal directly co-localizing with the Gag assembly site ( Figure 2F ). Accordingly, the Env content of the virion appears to be derived from the relatively low number of Env molecules directly overlapping the Gag assembly sites, while the larger Env cluster surrounding nascent assembly sites is not incorporated into the virion. Env recruitment was also investigated in the A3.01 T-cell line, since T-cells represent a natural target cell of HIV-1. A similar distribution of Gag assembly sites with overlapping Env clusters, but increased Env density at the periphery and surrounding the actual budding site was observed by superresolution dual-color imaging of A3.01 cells producing HIV-1 mEosFP ( Figure S6A , 6B). The experiments described were carried out employing fixed cells stained with complete IgG molecules, which could potentially affect distribution and detection of the molecules of interest. To exclude potential artifacts, all further experiments (except for those with the MA(mut) constructs, see below) were performed using unfixed cells (stained at 16uC to prevent membrane protein internalization) and immunostaining with Fab fragments. The distribution pattern for Gag assembly sites and Env molecules was largely unaltered when HeLa cells expressing HIV mEosFP were analyzed in this way ( Figure 3A ) compared to the initial protocol ( Figure 2C ). Tightly packed clusters of Gag.mEosFP with a diameter of ,130 nm marked HIV-1 assembly sites, which were overlayed by less dense Env clusters that commonly exhibited enrichment in the periphery and surrounding the Gag budding site ( Figure 3B ). To investigate whether the membrane distribution of HIV-1 Env was determined by the Env protein itself or was altered by the co-expression of other viral proteins, comparative dSTORM microscopy was performed on HeLa cells expressing either HIV mEosFP as before or only HIV-1 Env in the absence of other viral proteins. Super-resolution imaging of Env alone yielded a clearly different pattern compared to Env in the viral context. The large and distinctive round or doughnut shaped Env clusters, which frequently marked HIV-1 assembly sites ( Figure 3C ), were not seen in the absence of other viral proteins. Instead, much smaller and more dispersed clusters were observed when Env was expressed alone ( Figure 3D ). These results demonstrate a clear influence of the other HIV-1 proteins, most likely Gag, on the membrane distribution of HIV-1 Env.
To investigate whether the long Env CT and its presumed interaction with the underlying Gag lattice are important for Env distribution on the surface of HIV-1 producing cells, we performed dual-color super-resolution microscopy on HeLa cells expressing HIV mEosFP Env(DCT). Tightly packed clusters of Gag.mEosFP as described above were detected in this case as well and identified bona fide HIV-1 budding sites ( Figure 4A ). Clusters of Env(DCT) appeared much smaller than observed for wild-type (wt) Env, however. In contrast to (wt) Env clusters, Env(DCT) clusters were not enriched at HIV-1 budding sites, but appeared to be more randomly distributed ( Figure 4A, B) . Furthermore, the characteristic Env clusters observed for the wt protein (compare Figure 3C) were not observed in this case. Similar results were obtained in HIV mEosFP expressing A3.01 cells ( Figure S6 ). Comparison of Env distribution patterns in cells expressing either HIV mEosFP Env(DCT) ( Figure 4C ) or only Env(DCT) ( Figure 4D ) using super-resolution microscopy revealed no apparent difference with similar cluster size and distribution in both cases. Thus, the characteristic Env distribution appeared to depend on the presence of other viral proteins and on the Env CT.
The most likely viral protein responsible for the observed specific Env distribution pattern in the full viral context is Gag since several mutations in its MA domain have been shown to affect Env incorporation [5] [6] [7] 9] . To directly address this issue, we made use of a panel of proviral constructs carrying either the wt sequence or two point mutations (L8S/S9R) within the MA domain of Gag [8, 40] (designated here as MA(mut)) in the context of Env(wt) or Env(DCT). These point mutations have been shown to affect Env(wt) particle incorporation and thereby viral infectivity; both defects are alleviated by truncation of the Env CT [8] . Transfected HeLa cells were fixed and immunostained with antibodies against MA and Env followed by dual-color dSTORM analysis ( Figure 5, S7 ). Typical Gag assembly sites were readily detected in all cases and were associated with Env clusters Figure S7D ) resembling the pattern observed for the individual MA or Env mutants, but a slightly more pronounced Env-Gag co-localization revealed upon inspection of individual assembly sites ( Figure 5D) .
To describe the different Env distribution patterns at the cell membrane in an objective and quantitative manner, we performed mathematical cluster analysis using two complementary approaches. Data sets were derived from transfected HeLa or A3.01 cells, respectively; at least three cells per condition were included in the analysis. In a first approach, we used an image-based morphological cluster analysis ( Figure 6A Figure 6B) . Positive values in this analysis indicate an enrichment of the respective cluster size in virus-producing cells. This analysis revealed that smaller clusters with a radius ,50 nm are much more prominent in cells expressing only Env, while larger clusters with a radius of 50 to 150 nm predominate in virus-producing cells.
In an independent second approach, a coordinate-based distance distribution analysis using Ripley's H-function [41] was applied ( Figure 6C, 6D and S8 ). This approach compares the measured distribution of single-molecule localizations to a simulated random distribution, and provides information whether clustering occurs. The maximum of the H function reflects the average size of clusters. The amplitude of the H-function is a Figure S8 ) and a higher degree of homogeneity of clustering ( Figure 6D ) than observed for any of the other conditions. This result shows that Env(wt) clusters in HIV-1 producing cells are mostly homogenous and organized and most Env(wt) molecules are likely to be found in a single type of arrangement. The results of both cluster analyses were similar for HeLa and A3.01 cells, and corroborated the results of visual inspection of the spatial distribution of HIV-1 Env. Because whole cells were analyzed in this case and no pre-selection of particular regions was made, the results of the computational analyses represent average values and provide a more general and unbiased pattern.
While providing a view on the whole cell, these computational analyses were not suitable to decipher differences in the Env distribution pattern at specific localizations, e.g. HIV-1 budding sites. To obtain quantitative information on the spatial distribution of Env at such sites, it was required to analyze preselected regions. This was performed by aligning and averaging the intensity distribution of Gag.mEosFP and Env at seven HIV-1 assembly sites each from HeLa cells producing either HIV mEosFP or HIV mEosFP Env(DCT). This procedure should enhance features common to the respective assembly sites, while deemphasizing random distributions. The averaged images of assembly sites from cells producing HIV-1 containing Env(wt) or Env(DCT), respectively, showed a very similar pattern for the respective Gag assembly sites but a dramatic difference for the Env distribution pattern (Figure 7) . The full-length Env protein ( Figure 7A ) exhibited a doughnut-shaped average pattern, reflected by a bimodal distribution of Env with a local intensity minimum at the position of the peak of the Gag intensity distribution ( Figure 7A ). In contrast, Env(DCT) ( Figure 7B ) displayed a more random distribution without any significant enrichment at or close to the actual budding site. The averaged intensity profiles recorded for cells producing the Env(DCT) virus revealed no distinctive pattern of Env and no enrichment of Env density in the region of the Gag assembly site (Figure 7B ), again confirming the qualitative results obtained by visual inspection of the images.
Discussion
Here, we employed dual-color super-resolution microscopy to investigate the distribution of HIV-1 Env glycoproteins at the cell surface of virus-producing and Env expressing cells. A combination of PALM imaging of an autofluorescent HIV-1 Gag derivative with dSTORM imaging of Env immunostained with a fluorescent dye appeared to be the optimal strategy. In general, synthetic fluorophores have a higher photon yield than fluorescent proteins, thereby providing increased spatial resolution in singlemolecule based super-resolution imaging [26] . Accordingly, dSTORM imaging of Gag assemblies had revealed spherical edge effects [31] which were obscured in previous PALM images of Gag fused to autofluorescent proteins [30] . However, the structure of the Gag lattice at HIV-1 budding sites has already been characterized by electron tomography [33] , and Gag staining with synthetic fluorophores requires cell fixation and immobilization that might affect Env protein distribution. In contrast, the cell surface protein Env can be detected on native cells by immunolabeling and subsequent detection using organic fluorophores. Thus, we applied PALM for detection of Gag, while the higher localization accuracy of dSTORM was exploited for the detailed characterization of Env surface distribution.
Using this system, we have analyzed Env localization in the presence and absence of other viral proteins as well as for a variant with mutations in the MA region of Gag and determined the role of the CT for HIV-1 Env membrane distribution. The results clearly revealed a CT-and MA dependent recruitment of Env proteins to the vicinity of Gag assembly sites. Env proteins accumulated around Gag clusters, concentrating at their periphery, while the bud center displayed reduced Env density. These results are consistent with Gag-dependent Env accumulation surrounding individual sites of HIV-1 particle formation, while the observed larger extension of Env clusters compared to that of Gag assemblies suggests that other factors than direct Gag-Env interaction may contribute to Env recruitment.
Comparing Env distribution on cells producing HIV-1 particles with the distribution of Env expressed in the absence of other viral components revealed a difference that was clearly recognizable even without co-detection of the HIV-1 Gag protein. A scattered membrane distribution of Env with small clusters was seen in cells expressing Env alone, while larger accumulations were detected in virus producing cells. The appearance of the larger clusters was dependent on the Env CT and was disrupted by a MA mutation that abolishes Env incorporation. Dual color analysis revealed that larger Env clusters were commonly (,90%) associated with bona fide HIV-1 assembly sites, and Env structures with the characteristic round or doughnut-like shape were absent in cells expressing Env alone. The remaining ,10% of larger Env clusters apparently lacking Gag association could correspond to nascent HIV-1 assembly sites with a low number of Gag molecules or constitute remnants of prior assembly sites after extracellular release of the viral particle. Alternatively, they could be induced by HIV-1 mediated changes of the membrane environment leading to membrane areas conducive for Env accumulation.
Unbiased computational intensity-based cluster analysis from whole-cell data confirmed that the average cluster size was largest for Env(wt) in the presence of other HIV-1 proteins. This was supported by subtractive distribution of cluster sizes showing that Env(wt) expressed alone was mainly found in small clusters (r,50 nm), whereas the same protein formed clusters with a radius of 50 to 150 nm in HIV-1 producing cells. While image-based cluster analysis can be performed on whole-cell data and generates distributions of cluster sizes, it depends on the spatial resolution and pixel size of the image and requires setting intensity thresholds. Thus, we applied Ripley's H-function [41] as a complementary approach for cluster analysis. This method can only analyze regions of interest rather than whole cells and does not provide information on the distribution of cluster sizes, but it is independent of thresholds. The maximum of the H-function, which correlates with the average cluster size, again demonstrated that the largest clusters were formed by Env(wt) in HIV-1 producing cells. In addition, Ripley's-H function provides information on the heterogeneity of clustering through the variance of its amplitude. A very small variance was observed for Env(wt) in HIV-1 producing cells suggesting a single type of cluster. The sharper peak of the H-function in this case compared to the other three conditions ( Figure S8 ) further indicated more regular clustering. Thus, evaluation of the data sets by two independent types of computational cluster analysis yielded a complete and consistent picture, confirming and extending the results of visual inspection of the super-resolution images.
Considering the four described models for Env incorporation, the reported data clearly argue for specific recruitment and against random incorporation for wt HIV-1. In contrast, random incorporation appears to be likely for Env(DCT). Averaging the Env signal at multiple HIV-1 budding sites revealed no distinctive features for the Env(DCT) virus, confirming the visual impression. Env(DCT) incorporation into HIV-1 particles may thus occur randomly and only depend on its cell surface concentration. This interpretation is consistent with its observed reduced incorporation compared to Env(wt) [7, 9] and the cell type dependence of the mutant phenotype [12] [13] [14] [15] . Loss of apparent accumulation of Env at viral budding sites was also observed when a RSV variant with a truncated Env CT was analyzed by scanning electron microscopy of immunostained cells [22] . Thus, CT dependent specific recruitment of Env to the assembly site may be a general feature of retroviruses rather than being determined by the long lentiviral CT. Random incorporation may also be expected for pseudotyping with other viral glycoproteins. However, Jorgenson et al. [22] reported accumulation of at least some heterologous viral glycoproteins at RSV and HIV assembly sites, arguing for specific recruitment even in the absence of the cognate Gag-Env pair.
Genetic data from multiple studies support a direct interaction of the HIV-1 Env CT with the membrane-apposed MA layer [6] [7] [8] [9] 18 ] even though biochemical evidence for this interaction is weak. Here, we observed that a mutation in MA that had been shown to disrupt virion incorporation of Env [8, 40] abolished formation of Env clusters at HIV-1 assembly sites. This observation is consistent with MA-dependent recruitment of Env to the viral budding site. On the other hand, Env clusters in the case of wt HIV-1 significantly extended beyond the respective Gag assembly sites. Even close inspection revealed no detectable enrichment of Gag signals surrounding bona fide budding sites, consistent with the proposition that recruitment of Gag to the nascent bud occurs mostly from a cytoplasmic pool [36] . The majority of Env signals within the respective cluster were detected in the region surrounding the bud, however. Thus, Gag density in the vicinity of HIV-1 budding sites did not appear to differ significantly from its density in other plasma membrane regions, while Env density clearly did. Furthermore, Env density within the cluster appeared lowest at the center of the viral bud, where Gag is most concentrated. These results do not rule out a direct Gag-Env interaction, but argue that an indirect mode may at least contribute to Env concentration at HIV-1 assembly sites. This function clearly depends on HIV-1 Gag since Env accumulation was not seen in the absence of other viral proteins or in the case of the MA mutant. Co-targeting of Gag and Env to pre-existing membrane microdomains with special properties could therefore also not explain our results. Conceivably, accumulation of HIV-1 Gag and possibly of other viral proteins may induce an altered membrane micro-environment which attracts Env(wt) molecules. Alternatively, Env may be recruited by a proteinaceous bridging factor, which directs the viral glycoproteins to the assembly site, but does not immobilize them at this position. A specific membrane environment at the viral budding site is consistent with the raft-like lipid composition of HIV-1 particles [42, 43] and the association of budding sites with tetraspanin-enriched microdomains (reviewed in [44] ). The hypothesis that Gag assembly at the plasma membrane alters or induces a specific lipid environment is also consistent with results from several recent studies using fluorescence recovery after photobleaching, fluorescence resonance energy transfer or antibody co-patching of membrane proteins to reveal Gag dependent changes in marker protein mobility or distribution (reviewed in [45] ). Dual-or triple-color super-resolution microscopy using marker membrane proteins or lipid dyes could in the future provide direct evidence regarding the size and colocalization of such domains with viral Gag and Env clusters, and may further clarify the mechanism of Env recruitment.
At first glance, the accumulation of large amounts of Env surrounding, but not co-localizing with, Gag assemblies appears surprising for viral production sites. The observed bimodal shape of the Env density profile with a minimum in the central region of the HIV-1 bud is consistent with the low density of Env trimers detected on HIV-1 virions [3, 4] , however, and may be explained by limited compatibility of the trimeric CT with the tightly packed Gag lattice. Many cellular membrane proteins are incorporated into HIV-1 particles [16, 17] , but efficiency dependent on the CT length has been described, suggesting steric hindrance [46] , and exclusion due to interaction of CTs with cytoplasmic factors has been observed [47] . The low number of viral glycoproteins on the particle surface has been suggested to provide a selective advantage by allowing escape of the virus from the humoral immune response [48] . Concentrating surplus Env proteins not required for infectious particle formation around viral buds, on the other hand, could play an important role in forming and maintaining the virological synapse during cell-to-cell transmission. The formation of contacts between infected and uninfected T-cells is induced by Env [49] , and viral spread through such synapses is considered to be the major mode of HIV-1 transmission in vivo (reviewed in [50] ). The observed large HIV-1 Env clusters may thus play an important role in viral spread and pathogenesis. Visualization of the architecture of virological synapse structures using 3D multicolor super-resolution microscopy will therefore be an important goal of future research.
Materials and Methods

Cell lines and plasmids
HeLa cells and A3.01 T-cells [51] were grown at 37uC and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) and RPMI-1640 medium, respectively. Media were supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100 mg/ ml streptomycin. Plasmid pCHIV, expressing all HIV-1 proteins except for Nef under the control of a CMV promoter and its derivative pCHIV mEosFP have been described previously [36] . pCHIVEnv(DCT) and pCHIV mEosFP . Env(DCT) were constructed by exchanging an AgeI/XhoI fragment of the respective parental plasmid with a corresponding fragment covering the env coding region from plasmid pNL4-3CTdel144-2 [14] . The HIV-1 Env expression vector pCAGGS.NL4-3-Xba, designated here as pEnv(wt), has been described previously [52] . pEnv(DCT) was kindly provided by Nikolas Herold. It was constructed based on pEnv(wt) by exchanging an Acc65I/XhoI restriction fragment against the corresponding fragment from an Env(DCT) expression vector kindly provided by Valerie Bosch [15] . HIV-1 proviral constructs carrying wt Gag or the MA L8S/S9R mutant defective in Env interaction [8, 40] in combination with either Env(wt) or or Env(DCT) were kindly provided by F. Mammano.
Transfection and immunofluorescence staining
HeLa cells were seeded at a density of 1610 4 cells in 8-well chambered cover glasses (LabTek) and transfected with 0.2 mg of plasmid/well on the following day using the FuGene HD transfection reagent (Roche Diagnostics). Nucleofection of A3.01 cells was performed as described previously [29] . In brief: 5610 6 cells were electroporated with 10 mg of each plasmid in a 0.4 cm cuvette (Invitrogen) in a volume of 500 ml of serum-free medium using a Gene Pulser Xcell (BioRad). Parameters were: capacity 950 mF and 300 V. After 24 hours, cells were seeded on 8-well chambered cover glasses (LabTek) coated with fibronectin at a concentration of 5 mg/ml. After sedimentation, cells were fixed with 3% paraformaldehyde (PFA) followed by permeabilization and blocking with 2% BSA.
Two staining approaches for Env were applied: fixation followed by staining, or staining followed by fixation. For the first approach, cells were fixed at 24 h post transfection (hpt) with 3% PFA, washed and blocked for 10 min with 2% BSA in phosphate buffered saline (PBS). Harsher fixation of samples was performed using 4% PFA/0.2% glutaraldehyde for 30 min [38] . Cells were incubated with the monoclonal anti-gp120 antibody 2G12 ( [35] , Polymun Scientific) for 45 min. To confirm the specificity of 2G12 staining, the anti-gp120 MAb b12 ( [37] , Polymun Scientific) was used. The washing and blocking procedures were repeated before incubation with goat anti-human Alexa Fluor 647 secondary antibody (Invitrogen). To exclude antibody induced Env clustering and fixation artifacts, we performed staining prior to fixation and used Fab fragments of the respective antibodies (kindly provided by J. Chojnacki). All steps were performed at 16uC to block endocytic uptake of surface molecules. Cells were washed with PBS and samples were blocked with 2% BSA for 10 min, followed by incubation with 2G12 Fab for 40 min. Subsequently, cells were incubated with goat anti-human Alexa Fluor 647 Fab (Dianova) for 40 min. Stained cells were fixed with 3% PFA for 20 min and washed with PBS. Staining of the MA domain of HIV was performed using the MAb APR342 [53] (CFAR, UK) followed by goat-anti-mouse Alexa Fluor 532 antibody.
Immature eGFP.Vpr-labelled viruses [39] , kindly provided by J. Chojnacki, were adhered to LabTek chamber slides coated with 5 mg/ml fibronectin, fixed with 3% PFA and stained with MAb 2G12 and goat anti-human Alexa Fluor 647 and subjected to dSTORM imaging.
Super-resolution microscopy
Super-resolution microscopy was performed using a custom-built microscope setup as described elsewhere [54] . Briefly, a multi-line argon-krypton laser (Innova70C, Coherent, USA) and a 405 nm diode laser (Cube, Coherent, USA) were coupled into an inverted microscope (IX71, Olympus, Japan) equipped with a 636 oil immersion objective (PlanApo 636, NA 1.45, Olympus, Japan) suitable for total internal reflection fluorescence (TIRF) imaging. The excitation and emission beams were separated using appropriate dichroic mirrors and filters (AHF, Germany). The fluorescence emission was detected by an EM-CCD camera (Ixon, Andor, Ireland).
Combined PALM and dSTORM imaging was performed sequentially, using an imaging buffer which is suitable for both photoswitching the fluorescent protein mEosFP as well as the organic fluorophore Alexa Fluor 647 or Alexa Fluor 532 [55] . Briefly, the cells were imaged in oxygen-depleted hydrocarbonate buffer (pH 8) supplemented with 100 mM mercaptoethylamine (MEA). First, Alexa Fluor 647 was reversibly photoswitched by irradiation with 488 nm (photoactivation) and 647 nm (read-out). For each channel, 8,000 to 10,000 images were recorded with an integration time of 50 ms. Then mEosFP was photoactivated by irradiation with 405 nm and imaged using an excitation wavelength of 568 nm. Alternatively, Alexa Fluor 532 was photoactivated by irradiation with 514 nm. Single-molecule localization and image reconstruction was performed using the rapidSTORM software [56] .The localization accuracy of single-molecule super-resolution microscopy was evaluated experimentally as described earlier [57] using a custom written software (Python and Scipy) [58] . For each localized fluorophore, the distance to its nearest neighbor fluorophore in an adjacent frame was calculated. As the majority of fluorophores are detected in multiple adjacent frames, the maximum of the nearest neighbor distance distribution represents the error of localization. A prerequisite for using this approach is a statistically significant number of events (n.4,000). Dual-color images were recorded by adding multi-spectral beads (Invitrogen) to the sample and post-aligning the individual images [59] .
Cluster analysis
All-distance distributions are a common tool for cluster analysis of single-molecule super-resolution data [31, 60, 61] . We used Ripley's K-function [41] (1) in its linearized (2) and normalized form (3) (Ripley's H-function):
H(r)~L(r){r ð3Þ
where r is the observation radius, n is the total number of localizations within a region of interest (ROI), d ij is the distance between two localizations i and j, N r is the number of localizations around localization i within the distance r, and l is a weighting factor correcting for the area of the ROI. We calculated Ripley's H-function for ROIs of 262 mm
2
. In order to account for edge effects, we used a torroidal edge correction. The results were tested against a 95% confidence envelope of uniform distributions generated by Monte Carlo methods. All calculations and simulations were performed using custom software written in Matlab (Mathworks, Natick, MA).
Image-based cluster analysis was performed on super-resolution images by identifying cohesive regions of protein populations and determining their area. For this, a 'quantitative' super-resolution image with a pixel size of 10 nm was generated, in which the pixel value represents the number of localizations found at this position (custom software written in Matlab (Mathworks, Natick, MA)). Cohesive regions in these quantitative images were identified and measured using an algorithm based on the analyze particles function from FIJI [62] .
To analyze the protein distribution, we calculated average images by overlaying multiple images of individual clusters using an image pixel size of 5 nm. The individual images were aligned using the center of mass of the Gag protein distribution. Image averaging was performed using a custom software written in Matlab (Mathworks, Natick, USA), intensity profiles were extracted using FIJI. Figure S1 Experimental determination of the localization accuracy of mEosFP by a coordinate-based algorithm. The nearest neighbor distribution of a single-molecule data set of Gag.mEosFP (n = 7,522 single-molecule localizations) was calculated. The maximum, representing localization accuracy, was found at 28 nm. 
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